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ANAUTOMATICVISCOMETERFORNON-NEWIDKLANMATERIALS

ByRuthIi.WeltmannandPerryW.Kuhns

SUMMARY

A concentric-cylinderrotationalviscometerisdescribedthatis
capableofrecordingmeaningfulflowcurvesofrateof shearagainst
shearingstressformostnon-I?ewtonianmaterials.Formanyofthesemate-
rialstheflowcurvedependsontheflowconditionofmeasurement,that
is,ontherateof changeandthemagnitudeoftheappli~flowparameter,
whichistherateof shearinthisviscometer.Th=efore,thisinstrument
incorporatesfeaturesthatpermittheoperatortoprogramtheflowcondi-
tions,whichareusedtoprcxiucetheflowcurve.Theinstrumentisde-
signedsothatformostmaterialstherateof shearisproportionaltothe
rotationalspeed.A programfeaturepermitspresettingthemaximumrota-
tionalspeedto anyspeedfrom80to 1600rpm. Thespeedisautomatically
varied. Theaccelerationis constantandcanbe selected,sothat15,30,
60,120,or240secondsarerequiredforthespeedto changefromzeroto
thepresetmaximum.Rangesofincreasingauddecreasingspeedscanbe
programmedtofolloweachotherintwoclifferentsequences.Theviscom-
etercanalsorecordshearing-stresschangesas a functionoftimeat
givenconstantratesof shear.

Ratesof shearupto4000seconds-lcanbe obtainedunderlsminar
flowconditions.Theinstrumentisbuilttomeasureshe-rigstresses
from50 to250,000dynes/cm2.Viscositiesupto 3000poisescanbemeas-
uredautomatically,andupto20,000’poisesmanually.Frictioniskeptat
a minimumtopermitviscositymeasurementsdownto0.05poise.

Thecoaxialalinemetid thetwocylindersismechanicallyftied.
The annulibetweenthecylindricalsurfacessredesignedto give(1)max-
imumsheeringstressesforanygivenmotortorque,(2)lessthan15-percent
variationin shearingstressaaosstheirwidth,and(3)minimumincrease
in Shea temperatureduringoperation.Endeffectsareminimizedby the
designsothattheycanbeneglected.Accessoriesareincorporatedto
keeptheshearvolumeofthematefialconstantandconfined.A constant-
temperaturebathisprovided.Theinstrumentcanbe readilymodifiedfor
dynamicflowmeasurementsuptofrequenciesof4 cps. Flowcurves,time-
torquecurves,anddynamicviscositydataarepresentedto demonstrate
theversatilityoftheviscometer.
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2 NACATN3510

INTRODUCTION

Thetransferbehavioroffuelsandlubricants,whentheyarepssed
throughanaircraftpropulsionsystem,isgreatlycontrolledby theflow
propertiesofthesefluids.MostofthesefluidsareofNewtonianchar-
acter,butsomehavenon-Newtonianandfrequentlyalsotime-dependent
flowpropertiesundertherequiredoperationalconditionsoftemperature
andstress.Thus,an instrumentwasdesignedtomeasurethenon-Newtonian
flowparametersof suchaircraftfluids.

Theapparentviscosityofa materialisconznonlydefinedasthe
ratioof shearingstresstorateof shear.Fora Newtonianfluidthis
ratioremainsconstantunderallf~owconditions.Thus,fora Newtonian
materialtheapparentviscosityistheNewtonianviscosity,whichcanbe
determinedatanyoneflowcondition.Formny non-Newtonianmaterials,
however,theapparentviscosityvarieswiththeflowconditionsofmeas-
urement,thatis,withtherateofchangeandnmgnitudeoftherateof
shesrorshearingstress.Therefore,measurementsatat leasttwowell-
definedflowconditionsarenecessary,andinmanycasesan extendedrange
ofmeasurementsisrequired,beforea validinterpretationoftheflow
behaviorofa non-llewtonianmaterialispossible.Forthisreasona
viscometerfora meaningfulmeasurementoftheflowpropertiesofnon-
Newtonianmaterialsmustbe capableofproducingcurvesofrateof shear
G againstshearingstress‘coveran extendedrangeofflowconditions,
andinaccordancewitha controlledprogram.Thechoiceoftheprogram
dependsontherequiredinformationandthenatureofthetestmaterial.
Suchprogramedcurvesofrateof shearagainstshearingstressaretermed
“flowcurves.”Forconvenience,itisdesirablethattheviscometer
incorporatemeansofrecordingtheseflowcurves.Sincetheflowprop-
ertiesofmostmaterialschangewithtemperature,a flowcurvehasmeaning
onlyifitisproducedunderconstant-temperatureconditions.Thus,the
viscometermusthavethefollowingcharact=istics:

(1)Itmustbe possible‘toapplyan increasinganddecreasingrate
of shesratgivenconstantratesof changeandoverdifferentandexten-
siverangesofrateof shearto thesamesampleofmterial.

(2)Therateof shearmustatanyoneinstantbe independentofthe
mechanicalloading,anditsvaluemustbemeasurableandreproducible.
At thesametimethestressproducedinthesampleby theinstantaneous
appliedrateof shearmustbemeasurableandreproducible.

(3)Thegeometricalconfinesoftheshearedsamplemustbe simple
andremainunchangedby theappliedforces,andtheflowmustbe laminar
up tothehighestratesof shear,sothata mathematicalanalysiscanbe
madebasedona knownmodelofflow.

(4)Endeffectsshouldbeminimized,sincetheycannotbe evaluated
mathematically.

(5)The.rateof shearandshearingstresstithintheshearedsample
shouldbe asuniformas feasible.ThisisnecessarysinceG and ‘c

—— ———



NACATN3510 3

arenotmeasureddirectlybutarederivedfromvelocityandforce.For
non-Newtonianmaterial=,theflowresistancechangeswith G/% andthus
willvarywithintheshearedsampleif G and z vary. Then,there-
cordedcurveisnolongera G againstz curveunlessthelmowledge
oftheforceandvelocitydistributionswithintheshearedsamplepermit
an exactmathematicalanalysisto obtainG asa functionofvelocity
and z as a functionofforce.

(6)Temperatureincreasesdueto shearshouldbe keptata minimm
by properdesignandby temperaturecontrol.

Forinformationonthetime-dependenceoftheflowpropertiesof
somematerials,itistiportantthatsucha viscometerbe capbleofre-
cordimgcurvesofshearingstressasa functionoftime,whensubjected
to constantratesofshear.

Onlysomeviscometersdescribedintheliterature(refs.1 to 9)are
suitableforhighrateofshearapplicationsandincorporatesomeofthe
abovementionedfeatures.Thispaperdescribesa concentric-cylinderro-
tationalviscometer,developedattheMCA Lewislaboratory,whichcom-
binesallthepreviouslylistedfeatures.Theviscometercanbe usedover
a widerangeofratesofshearup to4000see-l.Therateof shearcanbe
var-iedautomaticallyat a constantpreselectedaccelerationandintwo
predeterminedsequences.Withthisviscometermeanhgfulflowcurvescan
be producedformaterialsvaryinggreatlyinthedegreeofnon-Newtonian
behaviorandinflowresistance.Viscositiescanbemeasuredrangingfrom
0.05to 20,000poises.Thesampleisconfinedinannulibetweentwocyl-
indersthataremechanicallyfixedina coaxialposition.Theannuliare
designedtomakeendeffectsnegligibleandtomirdmizetemperatureef-
fectsandvariationsinshearingforcesacrosstheirwidth.Theflow
remainslaminarunderallflowconditions.Theversatilityofthisin-
strumentisdemonstratedby a fewflow-curvemeasurementsandsomeother
data.

SYMBOLS
Thefollowingsymbolsareusedinthiereport:

f Binghamyieldvalue,[ML-*2]

G rateof shear,[T-1]

KG definedbyeq.(2)

% definedbyeq.(3)

L lengthofannulusbetweencupandbob,[Ll

n rotationalspeedinrevolutionsperunittime,[TII

R radiusof innercylinder(bob),[L]

. —-—- —— -—.--—___—. — ——— ——————
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radiusofoutercylinder(cup),[L]

Rey’IKddBnumber, 2
()

YL-ri&l.% p/p
c

torque,[ML2T-2]

time,[’q

plasticviscosity,[m-%-l]

apparentviscosity,~-%-= ]

timingofflowcurvefromzerotopresetmsximum,[T]

Newtonianviscosity,k-%-l]

density,

shearing

Subscripts:

Cr critical

tit intercept

max

[~-3]

stress,[ML-%-21

coNsTRumoN

The vlscometeris showninfigures1 to
betweenthetwocosxialcylindricalsurfaces
der,whichisdesignatedthecup,isrotated

3. Thesampleis sheared
(fig.3). Theoutercylin-
by a servo-typemotor.The

coma
K1

motorisgearedto a tachometer,tk outputaPwhichisproportionalto
therotationalspeeiiofthecup. Thetorqueonthestationarycylinder,
designatedthebob,ismeasmedwitha transducerwhichisa strain-gage
assembly.Theoutputofthetachometeris fedintooneside,andthe
outputofthetransduc=intotheothersideofanx-yrecorder.The
rateof shearis,formostmaterials,proportionaltotherotational
speed,sadtheshearingstressisproportionaltothetorque.Thus,for
mostmaterials,therecordedcwve isa curveofrateof shearas a
functionof she+ stress.

Onesideoftherecorder,insteadofbeingconnectedto thetachom-
eteroutput,maybemovedat a const~tspeed.Thenonesxisof.the .

—— -. ——.
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paperbecomesa timeaxis,whiletheother
thestiaingage.Thus,curvesof shearing
arerecorded.

5

axismeas~estheoutputfYom
stressasa functionoftime

CylinderAi3senibly

Figures2 amd3 showsomeparts‘oftheviscometerindetail.Fig-
ure2 isa photographandfigure3 isa diagramofthecylinderass-1.y
andsomeassociatedprts. Thecylinderassaibl.yismountedon a stand
(fig.1) andcanbemovedup anddownby turninga handwheel.Thecup
andbob(fig.3)aremountedeachintwosetsofballbearings.Theone- ‘
piecebearingholderkeepsbothcylinderspermanentlycoaxiallyalined
tithrespectto eachother.

Thecupisremmableforfillingandcleaningpurposes.Accidental
& to thebob,suchasbending,canoccurwhenthecupisremovedby

. Topreventthis,a tooli~affixedtothebaseofthestand.This
cuptoolcanbe rotatedinandoutofposition.Thecupisfirstloosened
by unscrewingthecupring.Thenthecylinderassemblyismoveddown
untilthebottomofthecuptouchesthebaseofthestand.Thecuptool
isrotatedintopositionandthusengagesthecupaboveitsbottom@rt.
Inthispositionthesxisofthecuptoolandthecup-s coincide.As
theasseniblyismovedup,thecupisleftbehindh thecuptool.To
attacha filledcuptotheassetily,thereverseprocedureisfollowed.
A conicalshoulderisprovidedto engagethecupringto thecup. The
upperpartof thecup(fig.2)fitsoverthemountingassenibly.It iS
slotted,sothatitsupperdiameteris”contractedto fittightlyaround
themount@ cylinderwhenthecupringis screwedon andthecupis
pulledup● Inthiswayconcentricityisrepeatedlya~ieved.To keep
thecupsxisparallelwiththebobaxis,thecupispalledup againsta
flatshoulder.

Thediametersofthebobshaftsadof itsbearingsarekeptv~y
small,tominimizefriction.Thebobisheldin theasseniblyby a collar
thatrestsontheuppersurfaceoftheupperbearing,whichis a conibina-
tionradial-thrustbearing.

~ additiontothetoad.alalirpnentofthecupandbob,whichis
mechanicallyfixed,thecylinderaxeshavetohe matitainedparallel--
straight.Theparallelal.inementandstraightnessofbothcylinder-=es
arecheckedwithanindicator(fig’.2). Provisionismadeformounting
theindicatorwithrespecttothecupads andtheasseniblyaxis.This
isveryimportant,sinceevena slightparaJJelmisalinementorbendin
eitheraiiscanaffectthemeasurementandleadto lsrgeerrorsb inter-
pretationoftbeflowcurve,aswillbe shownlater.

—— . ..-— ~ .~— ___ _.
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CyUnderDesign

Thethree cyllndersets, consitiingof
desimedtopermitmeasures overa wide

threecupssndtwobobs,are
rangeofviscositiesand

rate;of she-=,whilemaintaddmgtheshearing‘hressacrossthesxunili
asnearly-arm asfeasible.Thus,measurementsonnon-lkwtonian
materialsaremeaningful..

Sincethed.istributio?loftheshearingstresswithinthematerial
vsziem5nversWywiththesquareoftheradius,theclesrancebetween
cupand,bobiskeptas mall asismechanicallypracticable.A small
clesranceisalsode-able forbetterheatd.issipation,sothatthetem-
peratureincreaseprodKcedinthematerialduringsheariskeptata
minimum(mf.10). ,

1 !Ehedimensionsof thethreecylindersetsaregivenh table1. The
cylinderradiisrechosensothatthev-ation in shearingstressacross
theannulusforay petis lessthanX5percent.Themaximumrateof
she= is4000seconds-l.Sincethemsximmshesringstressisabout
250,000d.ynes/cm2,a maximumNewtonismviscosityof 125poisescanbe
measuredat a rateof shearof2000seconds-l,andoneof2500poisesat
a rateof shearof100seconds-l.Thefrictionisheldsmall,sothat
viscositiesdownto about0.05poisecaube measured.

ThecriticalReynoldsnumbers,atwhichturbulentflowwouldstart
(ref.IL),ti thenwdnnnnReynoldsnmibersforthethreecylindersets
aregivenintable1. ThemsximmnReynoldsnurbersarecalculatedfor
the~ appliedrotationalspeedof1600rpm,fortheminimummeasur-
ableviscosityof0.05poise,= fora densityp of 1 grsmpercubi’c
centimeter.ThedataHcate thatthecriticalReynoldsnuniberssre15
to 100timesthenmximumReynoldsnmibers.Thus,1~ flowis always
assuredtithisviscometer.

Thecylinderssredesignedtokeeptheendeffectsnegligible.This
is accaqlishedby enlargingthecupdiameterappreciablyatbothendsof
thecupneck(fig.3). InthatwaytheforcesoutsidethelengthL of
thesmnulusaremadenegligiblecoqsredwiththeforcesexertedonthe
bob sideswithintheannularspace.Twosplashplatesareprovidedto
protectthehe-s againstcontandmationby materialthatotherwise
mightbe thrownagainstthe%e_s by centrifugalforces.Theyare
designedto introduceonlynegligibleshearingforces.

Cup-RotatingDevice

Xigure4 is ablockdisgrsmoftheapparatus.Thecupisdrivenat
speedscontinuouslyvaryingfromO to 1600orO to 400rpm,dependingon
theselected“ftiedgearratiobetweencupanimotor.

—— ..— —
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Thedrivemotoris a two-~hase

7

four-poleservo-typemotor.The
motorisgearedtoa d-ctachometer.Themotorveloc~~yisregulatedby
chamging theamplitudeofonephaseby d-ctachometerfeedback.The
tachometervoltageanda referencevoltageareconvertedintoana-c
errorsignalby a Brownconverter.Thea-cvoltageisfedintoa high-
gainamplifierof standarddesign(ref.12,fig.12=55).

Thespeedsofthemotorandcup,whensubjectedto varyingloads,
areregulatedwithin8 rpmforthehigh-speedmotorsettingandwithin
2 rpmforthelow-speedmotorsetting.Themotorspeedis continuously
increasedW decreasedby a motor-drivenpotentiometer,whichvaries
thereferenced-cvoltage.Theaccelerationis constantwithin1 per-
centandindependentoftorqueupto thestallingtorqueofabout106
dyne-centimeters.Theaccelerationcanbe changed,sothatthetime
requiredto increasethenmtorspeedfromzeroto anyselectedmxhuun
speedis 15,30,60,120j,or240seconds.Themsximumspeedis selected
manuallyon a secondpotentiometer.It canbe variedfrom300to 1600
orfrom75to400rpm,dependingontheselectedmotorgearsetting.
ThespeedsettingisreproduciblewithinOS percent.

Theprogr= sequenceis automaticallycontrolled.Twosequences,
as showninfigure5(a)and(b),areprovidedto givetwotypesofflow
curves.

Therecordedvelocityis accuratewithin1

Torque-MeasuringDevice

percentof“fullscale.

Theforcetransducesarestrain-gageassenililies.Threeinterchmge-
abletransducmunits(fig.2) anda choiceoftwobridgeexcitation
voltagespermitmeasurement~offorcesrangingfrom5 to 1300grams.The
transducerssreattachedtotheviscometerstandandlinkedto thebob
througha linkage(fig.3). Thefrictionforcedueto thelinkageand
thehobsuspensionis aboutO.5gram.Theoutputofthetransducersis
linearwithappliedtorquewithin1 Iercentoffullscale.Theaccuracy
oftherecorderisalso1 percentoffullscale.

,Foreasyreplacement,thethreetransducesareeachmountedona
flatplate.Thethreeplateshaveidenticaldimensionsandfitsnugly
intoaninsertprovidedforthemontheviscometerstand.Theyare
spring-mountedto assurethattheyareplacedrepeatedlyintheexact
positionwithrespectto thebobshaftandthattheymaintainthisposi-
tionduringmeasurement.

Theoutputrsmgesarechosentooverlapextensively.Thisisnec-
essarysincelargerangesof shearingstressesae requiredfw the

— ..-. .— -_ _ ~. . — —



8

measurementofeachmaterial.,
of shear.Thetotalsupplied

ifit istobe measureduptohighrates
rangeof shearingstressforeachsetof

cylbders isgivenintable1. -

TemperatureBath

Theconstant-temp=aturebath(fi,g.1)ismountedonrunnerssnd
movesingrooves,sothatit canbereadilymovedin andoutforchanging
smples. Stopsprovidecorrectpositioning.A thermostatcontrolsthe %

%- ~ ~OS@ of sol-.e~idvalvesthatregulatetheflowofho%snd
$

coldwaterintothebath. Temperaturecontrolwithin0.2°C overa range
oft~eraturesfrom10°to50°isobtained.

the

Accessories

High-viscositymaterials,suchashighpolymersandsilicones,have
tendencyathighrotationalspeedsto clitioutoftheannulus.This

emPWIUof the-US 1-s to ~co~ect flowcuves,aswillbe shown
later. To avoidsuchoccurrences,a cupguard(figs.2 and3)isplaced
ontopoftheannulus.Thecupguardis designedsothattheshearing
forceswithinitsconfinesarenegligiblecomparedwiththoseinthe
annulus.

.
It israt- Hi culttofilltherelativelyn~ow neckofthecup

withhighlyplasticmaterials,suchasprintinginks,butter,andpetro-
latum,withoutentia~n airinthematerial.Theentrainmetiofair,
especiaUy wnentheairisdispersed,leadsto anerroneousflowcurve.
A pistonpump(fig.2) isprovidedto assistinfillingthecupprop-
er~ withSUCh Inaterid-s. Itsoutsidecylinderfitstightlyinthe
upperpsrtofthecup. Thus,materialthathasbeencarefullyplaced
inthewidebottompartofthecupcanbe suckedintothecupneck.
Ifthisisdoneslowlyandcarefully,airbubblescanbe avoided.

CALIER.ATION

Theapparentviscosityq of anymaterialis

(o
Theqp=ent viscosityofnon-Newtonianmaterialsisnota constant,but
varieswiththeappliedflowconditions.Therefore,a flowcurve- that
is,a curveofrateof shearG againstshearingstressT - measured
undercontrolledconditionssadoveranextendedrange,isrequiredto
evaluatetheflowbehaviorofanynon-I?ewtonianmaterial.

—- — .— — — —. -. ——. —
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TheViscomet=producesonthex-yrecord=recordsofrotational
speedn inrevolutionsperunittimeagainsttorqueT unda controlled
flowconditions.Theserecordsrepresentflowcurvesiftherotational
speedsaredirectlyproportionaltaratesof shearandthetorquespro-
portionalto shearingstresses.

ThequantitiesG and %, however,arenotonlyfunctionsof speed
andtorque,respectively,butalsooftheradius.Thus,both G and %
varysomewhatacrosstheannulus,althoughthisrotationalviscometerwas
designedtokeepthevariationsin G end T small.Forflowcurves,
meanvaluesof G and z shouldbeplotted.Sincetheannuliforall
threecylitiersetsaresmall,therateof shearandshearingstressat
themidpointbetweencupandlobapproximatemeanvaluesthatme used
inthecalculations.

Afterintegratingthevelocitydistributionina concentric-cylinder
rotationalviscometer(refs.13and14),themidpointrateof shesrG
iB

G = ~(2Ym) (2)

where

‘=-7EZ)
andthemidpointshea?~ stress% is

~=&T

where

(3)

%= 2Jt(Rb+RC)2L

Equation(2)isrigonuslycorrect“onlyforNewtonianmaterials,
wh=e {herelationbetweenG

For‘Binghampla’sties,the

G

and ‘c isproportional,-

G=l~% (4)

relationbetwbenG and % isHnear,

=* (T-f) (5)

-.. . ..—— .-. — — -—
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ForB@am materials,equation(2)is correctonlyaftertheshearing
stressishighenoughto initiateshearacrossthetotalwidthofthe

> f ateverypointintheannulus.-us; thd is,if ‘r= Therateof
shesratwhichthishappensdependsontheflowparametersofthematerisl
smd.onthedesignparametersofthetistrument.-~ this
usuallymall,andequation(2)isessentiallyvalidfor
plastics. Thisis shownby usingthefollowingequation

[

~2
>f c 1

‘=m—-–-
%2

Sincethe~ession inthebracketsof
fromshut 0.002to 0.013forthethree
is smallevenforlargeratiosf/u.

flow

instrumentit is
moatBingham
(ref.15):

m
(6)

equation(6)is small,ranging
cylindersets,n inequation(6)

Theyieldvalue f isproportionaltothetorqueinterceptofthe
curve (ref.15). Thatis,

(7)

where

N~CEJ1.Y, ~ = ~ (tableI)forthethreecylindersets.

Forpseuduplasticandd.ilatantmaterialswhinetherelationbetween
G aud T isnonlinear,equation(2)isanappro-tion. Itsvalidity
dependsonthedegreeof structuralchsmgewithrateof shearofthese
materialsandonthedesignparametersoftheinstrument.Formanysuch
materials,itwasfoundexperimentally(ref.16)thattheflowcurve
fittedan equationd thetype

Ga% N

wtie N < 1 fordilatantmat-ialsand N > 1 forpseudoplastic

(8)

materials.

Format=ialsh&ng flowcurves
(2)is correctafterdividbg ~ by
where

thatobeyequation(8),equation
a constamtC (refs.13and17)

. —-
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and c= 1 for N=l

(J
m Infigure6,C is
cclal Of Rb/Rc. Thus,titer

and C + 1 for Rb/Rc+1.

11

(9)

plottedasa functionof N fordifferentratios
N isobtainedfromtheflowcurve,“C canbe

foundfromfigure6 orequation(9)fortheratioof R~Rc forthe
cylindersetused(tableI).

Forsomematerials,N varieswithrateof shear,andthentherate
of shearG isno longera linesrfunctionof n, sinceC isnowa
variable.Thistitroducesan errorwhencorrect~equation(2)by
dividing~ by a conetsatvalueof C. However,evenwhenusingequa-
tion(2)withoutanycorrection,theerrorislessthan5 percentfor
materialsof N ~12, if cylinderset1 isused,andformaterialsof
N= 8, if cylinderset3 isused,sincethen C S 1.05(fig.6). Stice
veryfewmaterialsexistwhere N > 8, eqwtion(2)withoutcorrection
is accuratewithin.5percentformostpseudoplasticmaterials,provided
thepropercylindersetwasselectedforthemeasurement.Fordilatant
mat=ialstheerrorisalwayslessthan5 percent,sinceC isnever
lessthan0.95.

Thus,therecordsof n againstT measuredundercontrolledcon-
ditionsdorepresentflowcurvesformostmaterials.Theproportionality
factors~ and K= aregivenintableI.

Theaccuracyof equations(2)and(3)andofthecalibrationofthe
tachometerandstrain-gageoutputsis showninfigure7. Theviscosity
of a numberofDowCorning,series200,siliconefluidswasmeasuredby
usingthethreesetsof cylindersandallcombinationsoftachometerand
strain-gageoutputs.Theviscosityofthesesameoilswasalsomeasured
atthesametemperature(25°C)withOstwaldcapill&ryviscometersof
vsrioussizes.Figure7 isa plotoftheratiooftherotational-
~scometerviscositypR totheOstwald-viscometerviscosityNo,against
theOstwald-viscometerviscosities~. Thedatacovera rangeof vis-
cositiesfromabout0.1to50poises.Eachpointwasaveragedfromas
manytransducerconditionsaswasfeasible.Thedatacompriseallpos-
siblecon&itionsoftheinstrument.Someofthehigher-viscosityoils
showednon-Newtonianflowlehavioratthehigherratesof shearinthe
rotationalviscometer,buttheNewtonianinitialviscosityatthevery
lowratesof shearwasalwaysusedinfigure7. Thisis justified,since
therateof shearh theOstwaldviscometerswasalwayslow. Figure7
indicatesthatthecalculationsof ~ and ~ aregood. It also
indicatesthattheendeffectsarenegligible,sinceendeffects,if

—._



12 NACATN 3510

present,wouldhaveproduceda constantpositiveerrorof similarmag-
nitudeforallthreecylindersets.ThemaximumerroroftherotationaJ.-
viscometerviscosities,whencompsz’ingthevaluesmeasuredwiththedif-
ferentcylindersets,is# ~ercent;andthemaximumdifference,when
q=- therotatio@.-@ O*al.d-viscometerviscosities,is*5 per-
cent.Thisdifferenceis small,consideringthatbothinstrumentshave
clifferentinha-enterrorsdueto ~erimentalprocedure.

MEAslJREmNTs
Tworecordedflowcurvesofa Newtoniansiliconefluidsrepresetied

infigure8. Eachlikeconsistsoftwocoincidingrecordstakenatin-
creasinganddecreasingratesof shear,calledup curvesanddowncuves.
Thecurvesweretakenwiththepro~ammnttchinpositionI (fig.5(a))
withtwoM?ferentpairsoftiminggears(fig.1)for e = M and
240seconds,where O isthetimeofthemeasurementfromzerotothe
highestappliedrateof shear.Thelinesarestraight,haveno inter-
cept,andareparallel.Thisindicatessmoothoperation,negligible
friction,completereproducibility,andno changewithtiming19.

Figure9 isa similarflowcurvefora pseuiioplasticmaterialof
Vistanextn decalin.Itwastakenwiththeprogramswitchinposition1.
Firstanup anddownflowcurvewasobtainedupto a maximumspeedof
about1.300rpm. Then,tomsgdfythelowerpartofthisflowcurve,a
secondflowcurvewastakenwiththemotorgearsselectedto givea max-
imumspeedof about170rpmwitha correspondinglymagnifiedtorquescale.
Thetimeper100rpmwaschosentobe aboutthesameinbothcurves.Fig-
ure9 demonstratesthatthelowerpsrtsof a flowcurvecanbemagnified.
Thereproducibilitywasgood,as canbe ascertainedby co~aringthedata.

A suspensionof a pignent(Ti02)in a si~conefluidwasusedto
obtsintheflowcurvesinfigure10. Sincethissuspensionseemedto
showthixotropicflowbehavior,thesecurvesweretakenwiththeprogram
switchinpositionII,givingthesequenceas showninfigure5(b). The
programswitchwassettoproducea recordofoneup curveandtwodown
curves,onehavingitsmaximumspeedatabout160andtheotheratabout
320rpm. Thedegee ofthixotropicbehaviorof a materialcanbe evalu-
ated(ref.18)fromtheflowconditionsattworatesof shear.IttiS
beenassumed(ref.18)thata rapidlymeasureddowncurveof a thixotropic
materialyieldstheflowpropertiesanddescribestheflowbehaviorofthe
materialatthatpointontheup curveatwhichthedowncurveis com-
menced,whichisthepointofmaximum‘ speedofthedowncurve.Thus,two
downcurvesa and b ha~etobemeaswedto obtaintheflowconditions
ofthematerialattworatesof shearor attwoup-curvepointsA and
B, respectively.Afterthefirstdowncurvea wasmeasured,themate-
rialwasleftunshesredfor2 minutesto giveita chancetorebuildsome
ofthebroken-downstructure.[Todothat,theprogram(fig.5(b))had

.

——. .— .-. —— . —. —



HACATN 3510 13

amCoco

beenadvancedfrom1 over2 to 3 andwasheldbetween3 and4.] Then,
thecupwasacceleratedrapidly(inabout1 see)to a speedof 160rpm.
(Theproasmwascontinuedover4 to5.) Theupcurvewasimmediately
continued,sincethetorquewasles6thanobtainedbeforeatpoint A.
(Theprogramwasadvancedto 6 asrapidlyaspossibleandcontinuedover
7 to 8.) Thetorquedifferenceat A is small,andtheup curveis
almostthesameasif ithadbeenrecordedwithoutinterruption.

Figures10(a)and(b)differonlyinrespectto thetimetakento
measuretheup curve.Thetotalup curveinfigure10(a)wasmeasured
in15 seconds;whiletheoneinfigure10(b)wasmeasuredin240seconds,
withresultingsmallerloop,lowertorquereadingsontheup anddown
curves,andlowerplasticviscosities,asindicatedby theincreasing
slopeofthedowncurves.Bothofthesecondmeasurementsinfigure10
weremade10minutesaftertherespectivefirstones. Thenarrowloops
andthepositionofthecurveBinthesecondmeasurementsindicatethat
hardlyanybuild-upof structureoccurredduringthose10minutesbetween
measurements.Therefore,temperatureincreasesdueto theshearingaction
couldhavehadonlya relativelysmalleffectonthepositionandareas
oftheloop.

At thelowspeeds(seethesectionssetoffby dashedmes in figs.
10(a)and(b)),thetorquechangewasveryrayid,probablybecauseof
thixotropicbreskdown.Infact,thechangemighthavebeentoorapidfor
theinstrumenttofollow,especiallyinthecaseoffigwe 10(a),where
theaccelerationinrateof shearwasalsohigh;thetimeper100rpmwas
lessthan5 seconds.

To studythebreakdowninthixotropicstructureatthoselowrota-
tionalspeeds,a suspensionsimilartothatusedforfigure10waspre-
pared,andtime-torquecurvesweremeaswedatdifferentcupspeedsof
lessthsm35rpm. Time-torquecwrvessuchas showninfigure11 arepro-
ducedby movingthepaperat a constantlinearspeedwhilethecupis
rotatedat a constantspeed.Thetorquedecreasedwithtimerapidlyat
firstandthenmoreslowly.Thetwodownflowcurvesshowninfigure”12
witha msximumrotationalspeedof lessthan35 rpmwereconstructedfrom
suchtime-torquecurves.Eachtwotorquevaluesatthesamespeedwere
takenfromonetime-torquecurveattherespectivetimes tl and ~.
ThetwodownflowcurvesarealmostparallelandhaveWferent inter-
cepts;thatis,thismaterial,whensubjettedto rotationalspeedsof
lessthan35rpmovera periodoftime,showeda decreaseinyieldvalue,
whileitsplasticviscosityremainedalmmstunchanged.Therefore,it can
be concludedthattheveryrapiddecreaseintorqueatthelowangular
speedswithintheareasmarkedoffinfigure10ismostlycausedby
thixotropicbreakdowninyieldvalue,althoughthixotropicbreakdownin
plasticviscosityismostprominentatthehigherrotationalspeeds
(fig.10).

. —.—. — ..— .— —— —
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Thesecondmeasurementinfigure11wasmade2 minutesafterthe
ftistone,to de%mine whethertemperatureincreaseproducedby the
shearingactionwasrespo-nsibleforthedecreaseintorque.Onlya very
smallsmountof structuredidrebuildinthose2 minutesofrest,indi-
catingthata temperatureincreasewouldhardlyhavebeenresponsiblefor
themajorTsrtofthedecreaseintorque.

FigureX5is ticludedto demonstratethetypesof curvesthatcan
resultwhentheanomalousbehaviorof thematerialor oftheinstrument
upsetsthecalculatedflowpattern.Suchcurves,whenmistakenlycon-
sideredtobe flowcurvesofthematerialsndusedforcalculationsof
flowparamet=s,leadto =rorsandmisinterpretations.

Manyhigh-viscositymaterials,evenwiththemostcarefullyalined
instrument,gaveanomalouscurves,similarto‘measurement~ infigure
13(a). Suchcurvescanleadtomisinterpretations,becausetheloops
canbe similsrto thoseobtainedfr& thixotropicmaterials.Themate-
rialusedinfigure13(a)is a siliconefluid(p= 350poisesat25°C).
Curvessimilartomeasurement1 wererepeatedlyobtainedforthisfluid.
Experimentsrevealedthatsuchmaterialswhenrottiedabovea certain
speedclimboutofthesmnil.us.TOpreventthis,thecupguard(fig.2)
wasdes~d. Measurement2 infigure13(a)representsa flowcurve ‘
obtainedunderthesameconditionsastheftistcurve,butwiththecup
guardinplace.Itis a smoothcurve,showtigonlya verysmall.loop
mea, whichindicatesthatthecupguardserveditspurpos.e.

Misalinementofthecupandbobaxescm alsogivecurvesthatlesd
tomisinteqretations,as isdemonstratedinfigureX5(b). A pseudo-
plasticmaterial(Vistanexindeca.lin)waschosentodemonstratethis
point. Bothcurvesinfigure13(b)weretakenwiththecupguardin
place.Fortheftrstmeasurement,thecupads waspurposelymisalined,
sothatitwasnotpamllelwiththebobaxis.A loopandoscillations
appearedin therecording.Oftenloopsareobtainedwithoutsuchsevere
oscillations,especialJ_ywhentheml.sa13aementis causedby a bentbob
axis. Beforethesecondmeasurement,thecylinderassemblywasrealined
by carefullyadjustingandstraighteningbothcylinderaxessfterchecking
thecupandbobmotionandtheparallelpositionof the.twoaxeswiththe
indicatorassenibly.Theresultingsecondcurveis consideredtobe the
flowcurveof thematerial.Theupanddowncurvesalmostcoincide,and
therecordis smooth.

Forthestudyof certainflowproblems,theinvestigatormightlike
tomeasurethedynamicflowpropertiesof a material.Figure14isin-
cludedto showthattheviscometercanbe adaptedfordynamicmeasure-
ments,thatis,measurementsoftheflowpropertiesof a materialsib-
jettedto sinusoidaloscillations.Inthistiscometerthecupisoscil-
latedbyreplacingtheref=enced-cvoltage,whichnormallycontrols
thecupspeed,by theoutputof a low-frequencyoscillator.Thedynsmic

co
InU3
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measurementsweremadeovera frequencyrangeof0.1to4 cyclesper
second.Reducedfrequencieswereobtainedby addingthecircularfre-
quencyto therateof shearatzerofrequency.ThedynamicE@ steady-
stateapparentviscosities,whenplottedagainstreducedfrequencyand
rateof shear,respectively,as infigure14,shouldfallon onecurve
(ref.X3)ifthematerialisa Msxwel.1liquid.Thematerialusedfor
figure14is a solutionofVistanexinkerosene,whichgivesa pseudo-
pla6ticflowcurve.Similarsolutionshavebeenshown(ref.19)to
behavelikeMsxwellliquids.

0!m
(0co

Lewisl?lightPropulsionL*oratiry
NationalAdvisoryCommitteeforAeronautics

Cleveland,Ohio,May5, 1955
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